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Abstract 
A mesh deformation algorithm for unstructured Cartesian grids is presented. Given a surface deformation, the method efficiently 
recalculates new locations of high aspect ratio cells that make up the viscous layers of the grid and then deforms the inviscid part 
of the grid using an established method based on a spring analogy technique. The unsteady Navier-Stokes equations are solved 
on dynamic Cartesian grid by an explicit, finite-volume, upwind method. This dynamic, unstructured flow solver is validated by 
computing the flow about NACA 0012 airfoil and M6 wing undergoing a forced periodic motion in angle of attack. 
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1. Introduction 
  Cartesian grid method [1] is widely used in simulating steady flows around complex configuration, This 
capitalizes on the robustness and ease of Cartesian grid generation. The role of the mesh movement algorithm is to 
adjust the computational grid for the fluid to make it follow smoothly the deformation of the structure without the 
need for re-meshing. Cartesian grid methods are able to incorporate very complicated geometries quickly without 
user intervention. Methods for calculating time-dependent flows around moving boundaries can be grouped in two 
main categories:  () an adaptively refined Cartesian grids method [2] that need treatment to the cut-cell on 
boundaries in every time step, and () the method that assumed the mesh moves rigidly, with little computational 
cost and easy to implement, nevertheless, that is difficult to simulate flows of moving boundaries, such like structure 
deformation, multi-body separation etc. For this reason, an improving dynamic spring-based Cartesian grid approach 
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is investigated in this paper, and it can treat any kind of moving boundaries. A three-dimensional finite volume 
Arbitrary Lagrangian Eulerian (ALE) formulation was solved to analyze unsteady flows over an oscillatory pitching 
airfoil and oscillatory pitching M6 wing. The transient force and moment coefficients are compared with 
experimental data and favorable agreement is found. 
2. Present approach 
Batina [3] proposed a dynamic mesh algorithm where:"the mesh is moved to conform to the instantaneous 
position of the body by modeling each edge triangle by a spring ". In the dynamic spring-based mesh approach, the 
fluid mesh is updated automatically at each time step based on the new positions of the boundaries using the spring-
based smoothing method. In this method the edges between mesh nodes are idealized as a network of interconnected 
springs, and displacements of a node i and its neighbor j are based on Hook's Law of spring force  ij ij j iF K r r  . 
The spring constant for the edge connecting nodes i and j is defined as [4]:  squashijspringijdij KKKK  , here, 
¦ T2sin1squashijK ˈ 2
min
1
springij
ij
K
V l
 ˈ ijl is magnitude of grid edgeˈ 
d
Kd
1  ˈ d  is the distance between the 
vertex and surface.. A Jacobi iteration sweep on all interior nodes of the deforming zone is then carried out to 
compute their updated positions using known displacements at the boundaries. 
  A Cartesian deformation strategy has be developed with the particular kind of meshes in mind, The fluid zone 
encompassing the boundary layer around the airfoil called "body-fitted" viscous grid (Fig. 1) is moving as a rigid 
body following the prescribed motion, and in the outer dynamic fluid zone the mesh is updated automatically at each 
time step. 
Quadrilateral faces should be divided into two triangle ones before grid deformation (Fig. 2), and that processing 
method can keep flux conservation. Moreover, grid deformation will result in gap generation between different grid 
levels (Fig. 3), and it can be avoid by forcing a one-to-one correspondence between vertexes of adjacent edges. The 
Cartesian dynamic grid generation method holds a better deforming ability and quality. Deforming grid of airfoil 
with 57.3epitching angle is shown in Fig. 4. 
 
 
Fig. 1 body-fitted viscous grid   Fig. 2 Amelioration for distorted hexahedrons   Fig. 3 Gap generation by grid deforming 
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Fig. 4 deforming grid of airfoil with 57.3epitching angle 
3. Numerical method 
The finite volume unsteady ALE formulation of the three-dimensional time-dependent viscous fluid-flow 
equations are expressed in the following form: 
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  Here :  represents the physical domain with a boundary :w . The conservative variable vectors QK  , and 
convective flux vectors  GFE KKK ,,  are given by: 
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  The velocity vector of a fluid particle was written relative to the motion of the mesh: 
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where ttt zyx ,,  are zyx ,, direction component speed of cell face.  
Second-order spatial discretions were obtained for Roe's flux-difference splitting. For moving meshes, the 
contravariant face speed and contravariant particle velocity relative to the moving mesh were used to modify the 
Roe averaged contravariant velocity. The spatially discrete form of the governing equations was then integrated in 
time using the explicit three-stage Runge-Kutta method. 
In addition to the mass, momentum and energy conservation laws, a geometric conservation law needs to be 
satisfied numerically when dealing with dynamic deforming mesh to avoid grid motion induced error . We can write 
the discrete form geometric conservation law in a Runge-Kutta time integration.  
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From this equation we establish that the volume in a control cell increases, during a time interval, as the 
summation of the volumetric increase along all edges of this control cell. 
4. Results and discussion  
4.1 Oscillatory airfoil motion 
    The flows over a rigid NACA0012 airfoil [5] with oscillating angle of attack and oscillating rigid M6 wing [6] are 
simulated to verify applicability of present code. NACA0012 airfoil is pitching about its quarter-chord point, 0.25c, 
where c is the chord length, and its prescribed oscillatory motion is defined by the time varying instantaneous angle 
of attack,   )sin(0 ktt m DDD  here, mD is the mean incidence, 0D is the oscillatory pitch amplitude, and k is 
the reduced (non-dimensional) frequency, f Vck /Z ,where Z  is the radian frequency and fV  is free stream 
velocity. Unsteady results were obtained for the NACA 0012 airfoil pitching harmonically about the quarter chord 
with an amplitude 51.20  D ° and a reduced (non-dimensional) frequency of 1628.0 k .The free stream Mach 
number is 755.0 fM  and the mean angle of attack is 016.0 mD °. Fig.5 shows the sequence of pressure field 
at an angle of attack of 016.0 D °in the initial moment. Calculated instantaneous pressure distribution during the 
same cycle of motion is presented in Fig. 6 at four points in time. These calculations are compared with the 
experimental unsteady data of reference [7].  The same observation is noticed when comparing calculated and 
experimental lift and pitching moment coefficient versus the instantaneous angle of attack. Figures 7 and 8 present 
the variation of the angle of attack as a closed curve having two values for the same angle of attack. This is usually 
referred to as the hysteresis curves for the aerodynamic coefficients.  

Fig.5 Computed pressure contour line at initial time 
   
(a) a=2.34°↑          (b) a=0.52°↓       (c) a=-2.41°↓           (d) a=-2.0°↑ 
Fig 6 Distributing of unsteady pressure coefficient at different times (NACA0012 airfoil) 
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 
    Fig.7 Normal force coefficient vs. angle of attack      Fig.8 Pitching moment coefficient vs. angle of attack
4.2 Oscillatory wing motion 
    The solutions presented in this section were generated to compare to the steady pressure measurements taken on a 
half-model of a rectangular wing of aspect ratio 4 from an AGARD wind-tunnel experiment described in reference 
[8]. The rectangular wing cross section is NACA 64A010 airfoil with a thickness/chord ratio modified to 10.6%. 
Flow Mach number is 755.0 fM  and the mean angle of attack is q 0mD . The initial grid was shown in Fig. 9, 
outer boundary of the computational domain is located 9c (upstream) to 25c (downstream) away from the wing. Fig. 
10 shows a comparison between steady Navier-Stokes results and experimental values for an angle of attack of 0° at 
three stations along the spanwise direction. 
Time-accurate Euler computations for a rigid wind with oscillating angle of attack are now presented. The angle 
of attack varies periodically according to   )sin(0 ktt m DDD  . Where the amplitude is q 0.10D , the reduced 
frequency is 268.0/   fVck Z . Real and imaginary unsteady pressure coefficients are used to compare 
computational and experimental results.  These in-phase and out-phase pressures correspond to the time-dependent 
Fourier coefficients normalized by 0D .The real and imaginary pressure coefficients for the Euler equations and 
experimental data are compared in Fig. 11 and Fig. 12 respectively. From above results of airfoil and wing, it can be 
seen the results predicted by present code are in good agreement with experimental results, and the numerical results 
confirm feasibility of the modification technique. 


                       (a) 50% Semi-span        (b) 77% Semi-span         (c) 94% Semi-span 
 Fig.9 Configure and grid on           Fig.10 Steady computed pressure coefficients and experimental coefficient symmetry plane of 
a rectangular wing 
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
(a) 50% Semi-span           (b) 77% Semi-span           (c) 94% Semi-span 
Fig.11 Computed real pressure coefficients with different computational time steps and experimental coefficient 

(a) 50% Semi-span           (b) 77% Semi-span            (c) 94% Semi-span 
Fig.12 Computed imaginary pressure coefficients with different computational time steps and experimental coefficient 
  5. Conclusions  
The present work developed a dynamic unstructured Cartesian grid management strategy which was made up 
of hexahedrons. Unstructured dynamic mesh algorithm was combined with a finite-volume integration method to 
handle solution of the time-dependent NS equations around moving solid bodies. The numerical simulation of 
unsteady three-dimensional viscid flow around oscillatory airfoil and wing pitching were described. Instantaneous 
pressure distribution, lift, and moment coefficients during a cycle of motion of the NACA 0012 airfoil and M6 wing 
are compared with experimental data. This global methodology is completely general in that it can treat any kind of 
boundary motion. Future efforts will focus on applying this method for problems like structure deformation, multi-
body separation, etc. 
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